Nucleocytoplasmic transport of macromolecules occurs through nuclear pore complexes (NPCs) and is mediated by saturable transport receptors. The receptors bind to nucleoporins, the components of the NPC, and to cargo molecules that need to be translocated across the pore. While the vast majority of transport receptors are members of a conserved family of proteins known as importins or exportins (or karyopherins), export of bulk mRNA is thought to be mediated by members of the conserved family of NXF proteins (reviewed in references 9, 26, and 27).
The yeast genome encodes a single NXF protein, Mex67p, but there are two NXFs in Caenorhabditis elegans and four in Drosophila melanogaster and Homo sapiens (14, 18, 33, 37, 41, 42) . Of these, Saccharomyces cerevisiae Mex67p, C. elegans NXF1, and D. melanogaster NXF1 have been shown to be essential for the export of bulk polyadenylated RNA [poly(A)
ϩ RNA] to the cytoplasm (15, 33, 37, 40) . In Schizosaccharomyces pombe, Mex67p is implicated in but not essential for mRNA export (42) .
Human NXF1 is also known as TAP and will be referred to as TAP. TAP is directly implicated in the nuclear export of simian type D retroviral RNAs bearing the constitutive transport element (CTE) (7, 12, 19) . A role for TAP in the export of cellular mRNA is suggested by the observation that in Xenopus laevis oocytes, titration of TAP with an excess of CTE RNA leads to an mRNA export block (29, 32) . Consistently, overexpression of TAP in human cultured cells or microinjection of the recombinant protein into Xenopus oocytes stimulates export of mRNAs that are otherwise exported inefficiently (8, 13, 14, 41) . (Fig. 1) . The cargo-binding domain comprises an N-terminal fragment for which no structural information is available, an RNP-type RNA-binding domain, and a leucine-rich repeat domain (24) . The cargo-binding domain binds directly to the CTE RNA, exhibits a general affinity for RNA, and interacts with adaptor proteins that are thought to recruit TAP to cellular mRNA (7, 19, 21, 24 ; reviewed in reference 9).
TAP consists of two functional domains: an N-terminal cargo-binding domain and a C-terminal NPC-binding domain
The NPC-binding domain of TAP (residues 371 to 619) consists of two distinct structural domains connected by a flexible linker: the NTF2-like domain, which is related to nuclear transport factor 2 (NTF2), and a C-terminal region related to ubiquitin-associated (UBA) domains (the so-called UBA-like domain) ( Fig. 1) (10, 11, 36) . The NTF2-like domain of TAP interacts with p15 to form a compact heterodimer with an overall structure similar to that of the NTF2 homodimer ( Fig.  1) (10, 21, 36) .
With the exception of D. melanogaster NXF4, the NTF2-like domain is conserved in all members of the NXF family, including S. cerevisiae Mex67p, even though p15 is absent in budding yeast (14, 15, 21, 36) . The NTF2-like domain of S. cerevisiae Mex67p heterodimerizes instead with Mtr2p, a putative p15 analogue (21, 35) . The UBA-like domain, in contrast, is less well conserved among members of the NXF family and is absent in D. melanogaster NXF4, C. elegans NXF2, H. sapiens NXF3, and H. sapiens NXF5 (14, 15, 18, 37, 41) .
Although no structural information is available on the binding of nucleoporins to the UBA-like domain, a hydrophobic surface patch that affects NPC association of this domain was identified by site-directed mutagenesis (11) . Single point mutations in this domain and a deletion of the entire domain have a similar effect on nucleoporin binding, suggesting that this domain provides a single nucleoporin-binding site (10, 11) . The recently solved structure of the NTF2-like domain of TAP bound to p15 revealed that this heterodimeric NTF2-like scaffold also features a single nucleoporin-binding site located at the TAP side of the heterodimer (10) . A clear implication of this structural study is that p15 contributes indirectly to nucleoporin binding by TAP by maintaining the proper folding of the NTF2-like domain (10) .
Formation of TAP/p15 heterodimers is strictly required for TAP-mediated export of RNA cargoes that do not carry a CTE (8, 10, 13, 14, 39) . CTE-bearing RNAs, in contrast, can be exported by TAP mutants that are impaired in p15 binding both in Xenopus oocytes and in cultured cells (1, 20) . An essential role for metazoan p15 in the export of cellular mRNA was recently reported in Drosophila cells. In these cells, depletion of p15 by double-stranded RNA (dsRNA) interference inhibits growth and results in a strong nuclear accumulation of poly (A) ϩ RNA (15, 39) . The growth arrest and the mRNA export block are observed in spite of the fact that D. melanogaster NXF1 is neither degraded nor mislocalized in cells depleted of p15 (15) . Therefore, in the absence of p15, D. melanogaster NXF1 cannot perform its essential mRNA export function.
Despite the essential role of p15 and therefore of the NTF2-like domain of NXF1 in the export of cellular mRNA, it is still unclear whether this domain contributes only to the nucleoporin-binding activity of NXF1 or whether it would also have additional functions, such as being required for cargo binding and/or NXF1 recycling. Moreover, it has been proposed that p15 may impose a directionality on the export process by modulating the overall affinity of TAP/NXF1 for nucleoporins (22, 23, 39) . In this study, we generated TAP derivatives that lack the NTF2-like domain but have two or more UBA-like domains. These proteins stimulate the export of a variety of RNA cargoes both in cultured cells and in Xenopus oocytes. This stimulation of export is independent of p15. A derivative of D. melanogaster NXF1 having two UBA-like domains but no NTF2-like domain partially restored mRNA export in Drosophila cells depleted of either endogenous p15 or NXF1. These results indicate that, as for the UBA-like domain, the role of the NTF2-like scaffold is confined to nucleoporin binding.
MATERIALS AND METHODS
Plasmids. Most of the plasmids used in this study have been described before (8) . TAP-1xUBA carries a deletion of amino acid residues 372 to 551, encompassing the NTF2-like domain. TAP-1xNTF2 carries a deletion of residues 567 to 613, encompassing the UBA-like domain. In previous studies, the equivalent constructs were referred to as TAP⌬NTF2 and TAP⌬UBA, respectively (8, 10) .
To generate TAP-2xNTF2, first a PCR-amplified DNA fragment encoding TAP-1xNTF2 (amino acid residues 1 to 551) was cloned between the NcoI and KpnI sites of the pGEXCS vector. Second, a PCR-amplified DNA fragment encoding the NTF2-like domain of TAP (residues 372 to 551) was cloned at the 3Ј end of TAP-1xNTF2 between the KpnI site and a BamHI site of pGEXCS. To generate TAP-2xUBA, first a PCR-amplified DNA fragment encoding TAP1xUBA was cloned between the NcoI and KpnI sites of the pGEXCS vector. Second, a PCR-amplified DNA fragment encoding the UBA-like domain of TAP (residues 551 to 619) was cloned at the 3Ј end of TAP-1xUBA between the KpnI site and a BamHI site of pGEXCS. TAP-3xUBA was generated by in-frame insertion of a PCR-generated DNA encoding one UBA at the unique KpnI site of pGEXCS-TAP-2xUBA. The 5Ј PCR primer used to amplify the UBA-like domain also introduced an in-frame NotI restriction site to enable us to determine the orientation of the cDNA fragment following insertion. TAP-4xUBA was generated by in-frame insertion of a PCR-generated DNA encoding one UBA at the unique NotI site of pGEXCS-TAP-3xUBA.
Expression of recombinant proteins. TAP and TAP mutants were expressed as glutathione S-transferase (GST) fusions in the Escherichia coli BL21-codonPlus strain (Stratagene) with the corresponding pGEXCS plasmids. TAP and TAP1xNTF2 were coexpressed with untagged p15-1 protein. Recombinant proteins were purified as described previously (12) . For oocyte injections, recombinant proteins were dialyzed against 1.5ϫ phosphate-buffered saline (PBS) supplemented with 10% glycerol. TAP and TAP mutants were expressed in human cultured cells as fusions with enhanced green fluorescent protein (EGFP). To this end, cDNA fragments encoding these proteins were excised from the corresponding pGEXCS constructs as NarI-BamHI fragments and cloned into the vector pEGFP-C1 (Clontech) between the AccI and BamHI restriction sites. p15-1 was expressed with an N-terminal tag consisting of two immunoglobulinbinding domains from protein A of Staphylococcus aureus (zz tag) as described before (plasmid pEGFP-N3-zzp15-1) (8) .
DNA transfections, CAT assays, and RNase protection. DNA transfections and chloramphenicol acetyltransferase (CAT) assays were performed as described before (8) . Human 293 cells were transfected with Polyfect transfection reagent (Qiagen) according to the manufacturer's instructions. The transfected DNA mixture consisted of 0.25 g of the CAT reporter plasmid pCMV128 (16), 0.5 g of pEGFP-C1 plasmid encoding TAP or TAP mutants, and, when indicated, 0.5 g of pEGFP-N3 plasmid, encoding zzp15. Transfection efficiency was determined by including 0.5 g of pCH110 plasmid (Pharmacia) encoding ␤-galactosidase (␤-Gal), as ␤-Gal expression from this vector is not affected by TAP overexpression (8) . The total amount of plasmid DNA transfected in each sample was held constant by adding the appropriate amount of the corresponding parental plasmids without insert and was brought to a total of 2 g by adding pBSSKII plasmid.
When Rev-M10 fusions were tested, the pEGFP-C1 plasmids were replaced by plasmids encoding RevM10 fusions of TAP or TAP mutants (pCMV-HARevM10). Plasmid pCMV-HA-RevM10 was used as a negative control. Cells were harvested 48 h after transfection. CAT and ␤-Gal activities were measured as described previously (8) . In all experiments, the induced CAT enzyme expression levels were normalized to the activity of the ␤-Gal internal control. Protein Following centrifugation for 1 min at 1,000 ϫ g, the supernatant was extracted twice with phenol-chloroform, and the RNA was precipitated. Antisense riboprobes encompassing nucleotides 291 to 411 and 1 to 100 of the ␤-Gal and CAT open reading frames, respectively, were generated by in vitro transcription. Following DNase digestion, the probes were purified on denaturing 6% acrylamide-7 M urea gels, eluted, precipitated, and resuspended in 100% formamide at 300,000 cpm/l.
The riboprobes (1 l each) were mixed with 10 g of cellular RNA and 40 g of yeast total RNA in a final volume of 50 l of hybridization buffer consisting of 40 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid), pH 6.4], 400 mM NaCl, 1 mM EDTA, and 80% formamide. The RNA mixtures were denatured by incubation at 85°C for 5 min. Hybridizations were carried out overnight at 50°C. The next day, 300 l of RNase digestion buffer [10 mM Tris (pH 8.0), 5 mM EDTA, 300 mM NaCl] was added to each sample. RNase digestions were carried out for 45 min at 37°C with 2 U of Rnase T 1 (Roche) and 12 g of RNase A per sample. Digestions were stopped by adding proteinase K (50 g per sample) and sodium dodecyl sulfate (SDS) to a final concentration of 0.5%. Samples were further incubated for 15 min at 37°C, extracted with phenol-chloroform, precipitated, resuspended in 80% formamide, and analyzed on a 6% acrylamide-7 M urea denaturing gel, followed by autoradiography.
To determine the subcellular localization of TAP derivatives, the corresponding pEGFP-C1 constructs were used. HeLa cells were transfected with Fu-GENE6 (Roche). Plasmid pEGFP-N3-zzp15-1 was cotransfected with wild-type TAP and TAP-2xNTF2. Approximately 20 h after transfection, cells were fixed in formaldehyde. Fluorescent in situ hybridization (FISH) was performed essentially as described before (15) .
Xenopus oocyte microinjections. Oocyte injections and analysis of microinjected RNA by denaturing gel electrophoresis and autoradiography were performed as described previously (32) . Quantitation was done by FluorImager (Fuji FLA-2000) . The concentration of recombinant proteins in the injected samples is indicated in the figure legends. All DNA templates for in vitro synthesis of labeled RNAs have been described (1, 12, 17, 25, 32) .
Drosophila cell culture and RNA interference. A plasmid allowing the expression of GFP-tagged D. melanogaster NXF1 in SL2 cells was generated by inserting the corresponding NXF1 cDNA into a pBS-based vector containing the Drosophila actin promoter upstream of the EGFP cDNA, followed by multiple cloning sites and the BgH1 terminator (pBSactEGFP). D. melanogaster NXF1-1xUBA was derived from plasmid pBSactEGFP-DmNXF1 by deleting the NTF2-like domain (amino acid residues 360 to 547) by the QuikChange sitedirected mutagenesis kit (Stratagene). The PCR primers were designed to introduce in-frame NsiI and MfeI sites at position 360. DmNXF1-2xUBA was generated by in-frame insertion of a PCR-generated DNA fragment encoding the UBA-like domain of D. melanogaster NXF1 (residues 611 to 672) within the NsiI site of pBSactEGFP-NXF1-1xUBA. A BamHI site was introduced at the 3Ј end of the UBA cDNA in order to determine the orientation of this fragment following insertion.
Stable Drosophila cell lines expressing GFP and GFP fusions of D. melanogaster NXF1, NXF1-1xUBA, and NXF1-2xUBA were established by cotransfecting the corresponding pBSactEGFP constructs with a plasmid encoding puromycin acetyltransferase at a ratio of 5:1. SL2 cells were transfected with Lipofectin (Invitrogen) according to the manufacturer's instructions and selected in medium containing 10 g of puromycin/ml. Cells expressing the GFP fusions were enriched by fluorescence-activated cell sorting.
dsRNA interference was performed essentially as described before (15) . NXF1 dsRNA corresponds to a fragment comprising the NTF2-like domain (amino acids 360 to 546). p15 dsRNA corresponds to the first 350 nucleotides of the D. melanogaster p15 coding region. FISH with an oligo(dT) probe was performed as described previously (15) .
RESULTS
A minimum of two nucleoporin-binding sites is required for TAP-mediated nuclear RNA export. Precise deletion of either of the nucleoporin-binding domains of TAP dramatically reduces its export activity (8, 10) . To investigate whether the export activity of TAP mutants having only one nucleoporinbinding domain could be rescued by duplication of the same domain, we generated TAP derivatives having two UBA-like domains in tandem but no NTF2-like domain (TAP-2xUBA) or two NTF2-like domains in tandem but no UBA-like domain (TAP-2xNTF2) (Fig. 1) . The export activity of these proteins in cultured cells was measured with the CAT reporter assay as described previously (8) . In this assay, TAP expression vectors are cotransfected with the CAT gene encoded by plasmid pCMV128 ( Fig. 2A) (16) . As an internal control, a plasmid encoding ␤-Gal was cotransfected (see Materials and Methods).
In pCMV128, the CAT coding sequence is inserted into an inefficiently spliced intron, so cells transfected with this plasmid retain the unspliced pre-mRNA in the nucleus, yielding only trace levels of CAT activity (16) . Overexpression of TAP/ p15 heterodimers bypasses nuclear retention and promotes export of the inefficiently spliced pre-mRNA, resulting in about a 40-fold increase in CAT activity ( Fig. 2B) (8) . In all experiments described below, the induced CAT enzyme activity was normalized to the activity of the ␤-Gal internal control.
Deletion of both the NTF2-like and the UBA-like domains (TAP 1 to 372) abolishes export, but a protein in which only the NTF2-like domain has been deleted (TAP-1xUBA) exhibits 5% of the export activity of wild-type TAP ( Fig. 2B ; Table  1 ) (8, 10) . When a second UBA-like domain was inserted in TAP-1xUBA to generate TAP-2xUBA, export was rescued to about 55% of the activity observed with wild-type TAP (Fig.  2B) . Similarly, deletion of the UBA-like domain of TAP (TAP1xNTF2) resulted in 12% export activity, but a protein having two NTF2-like domains in tandem (TAP-2xNTF2) retained 61% of the export activity of wild-type TAP when coexpressed with p15 ( Fig. 2B and Table 1 ).
Western blot assays indicated that the expression levels of TAP mutants were comparable to that of TAP (Fig. 2C ) when the amount of cell lysates analyzed was normalized to the activity of the ␤-Gal internal control. Thus, TAP-2xNTF2 is as active as TAP-2xUBA, but its export activity depends on p15 coexpression, while TAP-2xUBA exhibits the same activity regardless of the presence of exogenous p15 (Table 1 and It has been demonstrated that TAP can mediate the nuclear export of an RNA if tethered to that RNA via the RNAbinding domain of either the MS2 coat protein or the exportdefective human immunodeficiency virus (HIV) Rev protein RevM10 (8, 13, 41) . In this context, stimulation of RNA export by TAP is independent of its ability to bind RNA or RNAassociated proteins. To investigate whether the reduced export activity of TAP-2xUBA resulted from an impaired ability to interact with the cargo, we determined its export activity by tethering the protein directly to the pCMV128 pre-mRNA. To this end, wild-type TAP, TAP-1xUBA, and TAP-2xUBA were fused to the C terminus of RevM10. Although RevM10 cannot promote export of RNAs bearing the HIV Rev response element (RRE), it can target the fusion protein to a pCMV128 pre-mRNA carrying the RRE inserted in the intron (8, 13, 16) .
Vectors expressing RevM10 fusions were cotransfected into 293 cells with the CAT reporter plasmid pCMV128-RRE and a plasmid encoding ␤-Gal as an internal control. As reported (8) , expression of the RevM10-TAP fusion moderately stimulated CAT activity. In contrast, its coexpression with p15 in- 2D ). TAP-1xUBA was used as a negative control because deletion of either the NTF2-like or the UBA-like domain abolished the export activity of RevM10-TAP ( Fig. 2D ) (8) . In contrast, TAP-2xUBA fused to RevM10 retained 50% of the export activity of wild-type TAP. This export activity was observed in the absence of exogenous p15 (Fig. 2D ). Western blot assays indicated that the expression level of TAP-2xUBA was comparable to that of TAP (Fig. 2E ).
To confirm that the stimulation of CAT protein expression observed in the assays shown in Fig. 2B and 2D reflects an increased export of the unspliced cat mRNA encoded by pCMV128, we performed an RNase protection assay with cytoplasmic and total RNA fractions derived from transfected cells. Unspliced cat mRNA was detected at low levels in the cytoplasm of cells cotransfected with pCMV128 and the control vectors encoding p15 and either RevM10 or GFP alone (Fig. 2F, lanes 2 and 4) . In contrast, the cat mRNA was exported to the cytoplasm of cells coexpressing p15 and TAP fused either to RevM10 or GFP (Fig. 2F, lanes 3 and 5) . Therefore, TAP stimulates the nuclear export of the reporter RNA either by binding directly to that RNA via a heterologous RNA-binding domain (Fig. 2D) or by being recruited to that RNA, most probably via protein-protein interactions (Fig. 2B) .
Altogether, these results indicate that a minimum of two nucleoporin-binding sites is required for TAP-mediated export of the pCMV128 reporter RNA. These binding sites can be provided by an NTF2-like domain followed by a UBA-like domain (as in the wild-type protein) or by two NTF2-like or two UBA-like domains in tandem. In the latter case, the export activity of TAP is independent of p15. Because a TAP derivative containing two UBA-like domains but no NTF2-like domain exhibited similar export activity regardless of whether this protein was tethered directly to the cargo, we conclude that the NTF2-like domain of TAP and hence p15 are unlikely to play a crucial role in cargo binding.
The export activity of TAP does not increase linearly with the number of nucleoporin-binding sites. The proteins having two UBA-like domains or two NTF2-like scaffolds in tandem exhibited about 50 to 60% of the export activity of wild-type TAP, suggesting that the two nucleoporin-binding sites in these constructs may not be accessible in the appropriate conformation for optimal binding to nucleoporins. We therefore investigated whether full restoration of export could be achieved by adding an increasing number of NPC-binding sites. TAP derivatives having three or four UBA-like domains in tandem had export activities similar to that with TAP-2xUBA ( Fig. 2B and Table 1 ). Thus, once a minimum of two UBA-like domains is present, increasing the number of nucleoporin-binding sites does not have an additive effect on export efficiency.
To determine whether mislocalization of the proteins could account for these effects, the subcellular localization of TAP constructs fused to GFP was analyzed in transfected HeLa and 293 cells (Fig. 3) . At equilibrium, TAP localizes mainly in the nucleoplasm (Fig. 3A) (1, 4, 21) . The pool of TAP associated with the nuclear envelope could be visualized in cells extracted with Triton X-100 before fixation (Fig. 3A [ϩTriton] ) (1) . Under these conditions, most of the nucleoplasmic pool of the protein was solubilized, but the fraction of TAP localized at the nuclear periphery was resistant to detergent extraction. Strikingly, TAP-3xUBA and TAP-4xUBA were exclusively visualized at the nuclear envelope without Triton X-100 preextraction (Fig. 3E, F , K, M, O, and Q). In contrast, under these conditions, TAP-1xUBA, TAP-2xUBA, and TAP-2xNTF2 were predominantly nuclear, like wild-type TAP (Fig. 3B , C, and D).
The predominant localization of TAP-3xUBA and TAP4xUBA at the nuclear rim suggests that these proteins have a higher affinity for nucleoporins and may interfere with the export process. We therefore analyzed the distribution of bulk poly(A) ϩ RNA in 293 cells expressing these TAP constructs by FISH with an oligo(dT) probe. Transfected cells expressing TAP-3xUBA and TAP-4xUBA at very high levels (as judged by the intensity of the GFP signal) accumulated poly(A) ϩ RNA within the nucleus (Fig. 3M, N , Q, and R). This inhibition of bulk mRNA export was observed in about 10 and 20% of cells expressing TAP-3xUBA and TAP-4xUBA, respectively, but not in cells in which TAP-1xUBA was expressed at similar or higher levels ( Fig. 3I and J) . Thus, it is possible that the reduced stimulation of CAT expression observed with TAP- In lanes 3, 5, 8 , and 10, plasmids encoding p15 and RevM10 or GFP fusions of TAP were cotransfected. As controls, the reporter plasmids were cotransfected with empty vectors expressing RevM10 or GFP alone together with the plasmid expressing p15 (lanes 2, 4, 7, and 9). VOL. 22, 2002 p15-INDEPENDENT NUCLEAR EXPORT OF mRNA 5409 4xUBA (45%) relative to TAP-3xUBA (61%) is in part due to an increased inhibitory effect of this protein.
Together, these observations agree with studies showing that high-affinity interactions between nucleoporins and transport receptors are dispensable for NPC passage (30) . Indeed, a high rate of transport would be impossible if the individual interactions of the receptor with nucleoporins were of high affinity (30) . Consistently, by increasing the number of UBA-like domains from two to four, the affinity for nucleoporins was increased (as judged by the localization of the constructs at the nuclear rim) without a corresponding increase in the export activity. Rather, these derivatives interfered with multiple export pathways (see also below), probably by saturating binding sites at the NPC.
TAP derivatives that lack the NTF2-like scaffold but have two or three UBA-like domains stimulate mRNA export in Xenopus oocytes. The ability of TAP-2xUBA and TAP-3xUBA to stimulate mRNA export directly was confirmed in X. laevis oocytes. Oocyte nuclei were injected with a mixture of labeled RNAs and purified TAP proteins expressed in E. coli as GST fusions (Fig. 4C) . Wild-type TAP and TAP-1xNTF2 were coexpressed with p15 to ensure the proper folding of the NTF2-like domain. TAP-2xNTF2 could not be expressed at high levels in E. coli. The RNA mixture consisted of U5⌬Sm and U6⌬ss snRNAs, the human initiator methionyl tRNA, and two mRNAs differing in their export efficiencies (8, 25) . These were fushi tarazu (Ftz) mRNA and an mRNA derived from the adenovirus major late region (Ad mRNA). U6⌬ss RNA is not exported from the nucleus and serves as an internal control for nuclear injection (38) . U5 snRNA and tRNAs are exported by CRM1 and exportin-t, respectively (reviewed in reference 26).
In preliminary experiments, the concentration of TAP2xUBA and TAP-3xUBA required to stimulate mRNA export specifically was determined. A representative example of one of these experiments is shown in Fig. 4A . Oocyte nuclei were coinjected with increasing concentrations of TAP-2xUBA or TAP-3xUBA and the RNA mixture described above. The stim- ulation of mRNA export in the presence of these proteins and in control oocytes was determined and compared to the stimulation obtained by injecting the optimal concentration of TAP/p15 heterodimers (Fig. 4A, right panel) . The effect of the proteins on the export of U5⌬Sm RNA was taken as an indication of the specificity. The nuclear localization of U6⌬ss RNA and the export of tRNA were not affected in the range of concentrations tested. Quantitation of the effects on Ad mRNA of coinjection of TAP-2xUBA indicated that, as for TAP/p15, this protein stimulated mRNA export specifically when its concentration in the injected samples ranged between 1 and 3 M (Fig. 4A and data not shown) . Stimulation of mRNA export was also observed at concentrations higher than 3 M, but at these concentrations an inhibitory effect on the export of U5 snRNA was observed (Fig. 4A) . Similarly, for TAP-3xUBA, this inhibitory effect was detected when the concentration of the protein exceeded 2 M (not shown). Next, we compared the effects of the recombinant proteins on the export of each of the RNA species by microinjecting them all at the same concentration. A representative example of these experiments is shown in Fig. 4B . In this example, following a 120-min incubation period, 32% of Ad mRNA was exported in control oocytes (Fig. 4B, lanes 4 to 6) . In the presence of recombinant TAP/p15 heterodimers, about 80% of the injected Ad mRNA was exported (Fig. 4B, lanes 7 to 9) . When recombinant TAP-2xUBA or TAP-3xUBA was coinjected, export of Ad mRNA was stimulated up to 58 and 55%, respectively (Fig. 4B, lanes 16 to 21) . TAP derivatives having a single nucleoporin-binding domain (i.e., TAP-1xUBA and TAP-1xNTF2) had a minor or no effect on the export of Ad mRNA (Fig. 4B , lanes 10 to 15, and Table 1 ). Stimulation of Ad mRNA export by TAP and derivatives was specific, because export of tRNA and of U5 snRNA was not stimulated (Fig.  4B) . On the contrary, as shown in Fig. 4A , these proteins partially inhibited U5 snRNA export at higher concentrations. Nuclear exit of the efficiently exported Ftz mRNA was only slightly stimulated (Fig. 4B, lanes 16 to 21 versus 4 to 6) .
Quantitation of the effects on Ad mRNA export of the recombinant proteins obtained in three independent experiments is reported in Table 1 . Interestingly, the ability of TAP derivatives to stimulate Ad mRNA export in Xenopus oocytes correlated well with their ability to increase cat gene expression in human 293 cells (Table 1) in spite of the differences between these cell types and the cargoes analyzed.
When TAP-2xUBA and TAP-3xUBA were injected at the highest achievable concentration (25 M), a strong inhibition of export of several mRNA species but also of U5 snRNA and tRNA export was observed (Fig. 4D, lanes 10 to 15 versus 4 to  6 ). At the same concentration, wild-type TAP interfered mainly with the export pathway of U5 snRNA (Fig. 4D, lanes  7 to 9) . These results are consistent with those obtained in human cultured cells and indicate that, relative to wild-type TAP, TAP-2xUBA and TAP-3xUBA have an increased ability to compete for binding to the NPC with other transport receptors.
A single nucleoporin-binding domain of TAP is sufficient to promote NPC translocation of specific CTE cargoes. The results described above show that at least two nucleoporin-binding sites are required for TAP-mediated RNA export in transfected human cells and in Xenopus oocytes. In contrast, we have previously reported that export of U6-CTE chimeric RNA, which is directly mediated by TAP, can be stimulated by a TAP mutant lacking the NTF2-like domain (TAP-1xUBA) but not by TAP-1xNTF2 (1). Since these experiments were conducted in the absence of exogenous p15, it is possible that the NTF2-like domain of TAP-1xNTF2 was not properly folded. We therefore reinvestigated the ability of TAP-1xNTF2 to export U6-CTE in the presence of p15.
Xenopus oocyte nuclei were coinjected with purified recombinant proteins and a mixture of labeled RNAs consisting of dihydrofolate reductase (DHFR) and Ad mRNAs, U5⌬Sm and U6⌬ss snRNAs, the human initiator methionyl tRNA, and U6-CTE RNA. Following a 90-min incubation period, U6-CTE RNA was inefficiently exported in control oocytes (Fig.  5A, lanes 4 to 6) . Injection of TAP/p15 heterodimers resulted in a strong stimulation of U6-CTE RNA export (Fig. 5A, lanes  7 to 9) . If U6-CTE was efficiently exported, it was stable during the 90-min incubation period, whereas if U6-CTE was not exported, it was partially degraded in the nuclear fraction (Fig.  5A , lanes 7 to 9 versus 4 to 6). In contrast to the results obtained with Ad mRNA, TAP-1xNTF2 in the presence of p15 stimulated export of U6-CTE RNA almost as efficiently as wild-type TAP (Fig. 5A, lanes 13 to 15) . As expected, since one nucleoporin-binding domain was sufficient to export U6-CTE RNA (Fig. 5A, lanes 13 to 18) (1), both TAP-2xUBA and TAP-3xUBA strongly stimulated U6-CTE export (Fig. 5A , lanes 10 to 12, and data not shown).
We also investigated the effects of TAP derivatives on the export of an excised intron lariat bearing the CTE. In this study, we used a precursor mRNA derived from the adenovirus major late transcription unit (pBSAd1) carrying the simian retrovirus 1 CTE mutant M38 inserted in the intron (12, 32) . The M38 mutant was chosen because it has only one binding site for TAP (loop A), while the wild-type CTE has two (12) . Preliminary studies indicated that export stimulation by TAP of the intron lariat bearing M38 requires the presence of at least one nucleoporin-binding site on the protein. In contrast, as reported previously, export of the intron lariat carrying wild-type CTE can be stimulated by the N-terminal domain of TAP in Xenopus oocytes (7) .
Based on the results obtained with the M38 mutant ( Fig. 5B and data not shown) and taking into account the crucial role of the C-terminal half of TAP in mediating NPC binding (1, 10, 21, 39), we currently favor the idea that the N-terminal fragment of TAP stimulates export of the intron lariat bearing wild-type CTE indirectly, probably by binding to one loop of the CTE and facilitating the recruitment of endogenous Xenopus TAP to the second binding site. Why this facilitated binding appears to occur only in the context of the intron lariat but not when the CTE is inserted in a linear RNA such as U6-CTE is unclear.
The excised intron lariat carrying the CTE derivative M38 was reproducibly exported more efficiently by TAP constructs with one nucleoporin-binding site than by TAP-2xUBA (Fig.  5B, lanes 10 to 15 and 16 to 18 ). It is noteworthy that export of the spliced Ad mRNA was also stimulated by TAP-1xUBA. Together, these results indicate that either of the two nucleoporin-binding domains of TAP is sufficient to promote NPC translocation of at least some cargoes. Furthermore, a comparison of the different substrates analyzed in Fig. 4 suggests that in addition to the differences in the export activity of the different forms of TAP, a second level of complexity is introduced by the requirements of different cargoes. Drosophila NXF1 lacking the NTF2-like scaffold partially restores export of bulk mRNA in cells depleted of p15 or NXF1. The possibility that the NTF2-like scaffold contributes to the interaction of TAP with cellular mRNAs or to TAP recycling after one round of export cannot be completely ruled out by the experiments described above, in which the export of specific RNAs was analyzed in the presence of excess TAP. We therefore set up an assay to test whether an NXF1 protein lacking the NTF2-like domain but carrying two UBA-like domains could equally support mRNA export in cells depleted of endogenous NXF1 or p15. This question was addressed in Drosophila Schneider cells (SL2 cells) because depletion of endogenous NXF1 or p15 by dsRNA interference in these cells is very efficient (15) . Moreover, NXF1 or p15 depletion inhibits growth and results in a strong nuclear accumulation of poly(A) ϩ RNA, which can be monitored easily (15) . Polyclonal SL2 cell lines stably transfected with plasmids expressing GFP fusions of D. melanogaster NXF1, NXF1-1xUBA, or NXF1-2xUBA or GFP alone as a control were established. These cell lines are heterogeneous, and the GFP fusions are expressed at different levels in approximately 5 to 10% of the cell population. The subcellular localization of the recombinant proteins in these cell lines was investigated. All three NXF1 proteins localized predominantly within the nucleoplasm and were excluded from the nucleolus (Fig. 6A, C , and E). A clear rim staining was observed in most of the cells expressing wild-type NXF1 and NXF1-2xUBA ( Fig. 6A and  E) . We also analyzed the distribution of poly(A) ϩ RNA by oligo(dT) in situ hybridization in the different cell lines. No nuclear accumulation of poly(A) ϩ RNA was observed (Fig.  6B , D, and F, and data not shown), suggesting that in these stably transfected cells, the recombinant proteins are expressed at levels that do not interfere with export.
Next, endogenous NXF1 or p15 was depleted from these cell lines by dsRNA interference. The efficiency of NXF1 or p15 depletion could be monitored by the dramatic inhibition of cell growth observed as early as 2 days after transfecting the corresponding dsRNAs. No recovery of cell growth was observed within 8 days after transfection (see also below) (15) . The distribution of poly(A) ϩ RNA in cells expressing the GFP fusions was analyzed 5 days after addition of dsRNAs, and the percentage of cells accumulating poly(A) ϩ RNA within the nucleus was determined in two independent experiments (Table 2). In control cells expressing GFP, depletion of either NXF1 or p15 resulted in a severe nuclear accumulation of poly(A) ϩ RNA in about 90% of the cell population ( Fig. 6H and Table  2 ). This was observed independently of whether GFP was expressed ( Fig. 6G and H) . As shown in Fig. 6H , the oligo(dT) signal was widespread in the nucleoplasm but was excluded from the large nucleolus, characteristic of SL2 cells. Expression of wild-type NXF1 partially restored export in less than 20% of cells depleted of p15 (Table 2) . A similar partial restoration of export was observed in cells expressing NXF1-1xUBA, regardless of whether NXF1 or p15 had been depleted ( Table 2) . We defined mRNA export as partially rescued when the poly(A) ϩ signal was predominantly cytoplasmic or evenly distributed between the nucleoplasm and cytoplasm.
Expression of NXF1-2xUBA partially rescued export in approximately 50% of cells depleted of NXF1 (Table 2 ; Fig. 6I to L, arrowheads). An indistinguishable restoration of export by NXF1-2xUBA was observed when p15 was depleted (Fig. 6M to O and Table 2 ). In both cases, the restoration of bulk mRNA export by NXF1-2xUBA was partial, and in most cells a residual nuclear signal was evident. A gallery of various phenotypes is shown in Fig. 7 . Cells exhibiting a poly(A) ϩ RNA signal at the nuclear rim were occasionally detected ( Fig.  7F and J) . Since significant cytoplasmic staining was nevertheless evident in these cells, the accumulation of bulk mRNA at the nuclear periphery suggests that in cells in which mRNA export relies only on NXF1-2xUBA, the translocation step becomes limiting.
The partial restoration of export by NXF1-2xUBA is consistent with the observation that TAP-2xUBA exhibits about 50% of the export activity of wild-type TAP (Table 1) . Additionally, the extent of the restoration is likely to depend on the expression levels of the protein, as in a small percentage of cells expressing NXF1-2xUBA, a complete restoration was observed [i.e., the oligo(dT) signal was mainly detected in the cytoplasm] (Fig. 7B and H) . Importantly, D. melanogaster NXF1-2xUBA did not accumulate within the cytoplasm in cells in which export of bulk mRNA was restored (see, for example, Fig. 7A and G) , suggesting that the NTF2-like scaffold is not required for cargo release following export.
The restoration of export appeared to be complete in at least a fraction of cells expressing D. melanogaster NXF1-2xUBA, so we investigated whether NXF1-2xUBA could sustain growth in cytoplasmic (C) fractions were collected 120 min after injection or immediately after injection (t 0 ; lanes 1 to 3 in panel B). RNA samples were analyzed on 8% acrylamide-7 M urea denaturing gels. One oocyte equivalent of RNA, from a pool of 10 oocytes, was loaded per lane. The numbers above the lanes in panel A indicate the concentration (micromolar) of recombinant proteins in the injected samples. The numbers in boxes below the panels represent the percentage of a given RNA in the cytoplasm 120 min after injection in the presence of the proteins indicated above the lanes. Because the nuclear localization of U6⌬ss RNA and the export of tRNA (Ͼ94%) were not affected by any of the injected proteins, the respective values are not included. On the right of panel A, the effects of increasing concentrations of TAP-2xUBA or TAP-3xUBA on the export of U5⌬Sm RNA and Ftz and Ad mRNAs are compared to those of TAP/p15 heterodimers. For the purpose of comparison, all values were normalized to the export observed in control oocytes. (C) TAP derivatives were expressed in E. coli as GST fusions, purified on glutathione-agarose beads, and visualized by Coomassie staining following SDS-polyacrylamide gel electrophoresis. (D) Xenopus oocyte nuclei were injected with mixtures of 32 P-labeled RNAs and purified recombinant proteins as indicated. RNA samples from total oocytes (T) and nuclear (N) and cytoplasmic (C) fractions were collected 120 min after injection or immediately after injection (t 0 ; lanes 1 to 3) and analyzed as in panels A and B. DHFR, ␤-globin, and Ftz mRNAs exhibited similar behavior, so only the quantitation for DHFR mRNA is shown. The nuclear localization of U6⌬ss RNA was not affected by any of the injected proteins. (15), NXF1 or p15 depletion inhibits cell growth as early as 2 days after transfecting the corresponding dsRNAs (Fig. 8A ). Cells were kept in culture, and growth was monitored every second day for 10 days and every week for 6 weeks. In the GFP-expressing cell line, no recovery of cell growth was observed within this period (Fig. 8A) . Moreover, 32 days after transfecting NXF1 dsRNA, no surviving cells were detected (Fig. 8A) . Although a fraction of cells survived p15 depletion, these cells subsequently died (Fig. 8A ). In contrast, a higher percentage of cells depleted of D. melanogaster NXF1 or p15 but expressing D. melanogaster NXF1-2xUBA survived and started to grow exponentially about a month after transfection (Fig. 8B) . These results suggest that expression of D. melanogaster NXF1-2xUBA allows NXF1-or p15-depleted cells to survive. In the surviving cell populations, the percentage of cells expressing NXF1-2xUBA increased threefold following D. melanogaster NXF1 depletion and 12-fold following p15 depletion. Western blot analysis of samples collected on day 32 revealed that while the levels of endogenous NXF1 had recovered, the expression levels of p15 were about 50% of the levels detected in control cells (data not shown). Thus, expression of D. melanogaster NXF1-2xUBA allows NXF1-or p15-depleted cells to survive so that the expression levels of the depleted proteins are progressively restored.
DISCUSSION
Transport receptors promote translocation of cargoes across the central channel of the NPC as a result of their ability to interact with nucleoporins. In particular, the phenylalanineglycine (FG) repeats that characterize most nucleoporins are believed to function as docking sites for the receptors moving through the pore (31) . The heterodimeric export receptor NXF1/p15 possesses two nucleoporin-binding domains, the UBA-like domain and the NTF2-like scaffold, which results from the heterodimerization of the NTF2-like domain of NXF1 with p15 (10) . In this study, we show that although these two nucleoporin-binding domains are unrelated in sequence and structure, they are interchangeable. Indeed, an NXF1 derivative in which the NTF2-like scaffold is replaced by a UBAlike domain (2xUBA) has an export activity similar to that of the converse construct, in which the UBA-like domain is replaced by an NTF2-like scaffold (2xNTF2). These results indicate that the main role of the NTF2-like scaffold is to provide a nucleoporin-binding site. More importantly, although the proteins having two UBA-like domains or two NTF2-like scaffolds in tandem have reduced export activity relative to wildtype NXF1, these proteins are able to promote directional translocation of RNA cargoes across the NPC. We also show that the export activity of NXF1 is not directly related to the number of NPC-binding sites but that a minimum of two sites is required for export of cellular mRNA.
p15 acts as a structural subunit that maintains the proper folding and function of the NTF2-like domain of NXFs. In addition to its essential role in mRNA nuclear export, p15 has been reported to bind RanGTP and nucleoporins directly and to be implicated in the export of tRNA and of substrates exported by CRM1 (5, 6, 23, 28) . However, other studies failed to detect a direct interaction between p15 and Ran or nucleoporins (14, 21, 39) . A crystallographic analysis of p15 indicates that despite its overall similarity to NTF2, the putative binding site for Ran is occluded in p15 by residues with larger side chains that fill the equivalent hydrophobic pocket in NTF2 (10, Because the NTF2-like domain of NXF1 cannot bind to nucleoporins in the absence of p15, p15 offers a possible target for regulating NXF1/NPC interactions. Along these lines, it has been proposed that p15 could impose directionality on the export process by heterodimerizing with TAP in the nucleus and dissociating in the cytoplasm (22, 39) . Our data do not rule out a compartment-specific regulation of NXF1/p15 interaction, but they show that if this regulation does exist, it is not strictly or generally required for directional transport. Regulation of NXF1/p15 interaction may nevertheless play a critical role in the overall efficiency of the transport process or the export of specific cargoes. For instance, some cargoes may have the ability to modulate NXF1/p15 dimerization. More generally, by controlling p15 expression levels or its ability to heterodimerize with NXF1, the overall mRNA export activity of the cell could be regulated.
In metazoa, there are multiple NXF proteins that heterodimerize with p15. With the exception of NXF1, it is unclear whether these proteins are involved in mRNA export and whether their NTF2-like domains mediate binding to nucleoporins. In this context, p15 may act as a regulator of NXF activities by functioning as a structural module that maintains the proper folding and function of the NTF2-like domains.
Requirements for NPC translocation are influenced by the cargo transported. The heterodimeric NTF2 scaffold and the UBA-like domain of TAP both feature a single nucleoporin- (M to P). Five days after transfection, poly(A) ϩ RNA was detected by FISH with an indocarbocyanine-labeled oligo(dT) probe. In the GFPexpressing cell line, depletion of NXF1 causes nuclear accumulation of poly(A) ϩ RNA regardless of whether GFP is expressed (G and H). In the GFP-NXF1-2xUBA cell line, a strong nuclear accumulation of poly(A) ϩ RNA was observed in cells in which the protein was not detected, but when D. melanogaster NXF1-2xUBA was expressed at detectable levels, mRNA export was restored (I to L, arrowheads). This restoration of export was also observed when p15 was depleted (M to P). VOL. 22, 2002 p15-INDEPENDENT NUCLEAR EXPORT OF mRNA 5415 binding site (10, 11) . In this study, we show that either of these sites is sufficient to mediate NPC translocation of specific CTEdependent cargoes in Xenopus oocytes. The CTE-bearing RNAs analyzed here are artificial, but the observation that a single nucleoporin-binding domain is sufficient to promote NPC translocation is not without precedent. In S. cerevisiae, Mex67p mutants lacking the UBA-like domain can still promote mRNA export when Mtr2p is overexpressed (35) . However, these mutants show a conditional growth phenotype and accumulate bulk mRNA within the nucleus at the restrictive temperature (35) , suggesting that two NPC-binding sites are required for efficient nuclear mRNA export. In Drosophila cells, D. melanogaster NXF1-1xUBA partially restores mRNA export in cells depleted of NXF1 or p15, although this restoration occurred only in about 20 to 30% of cells expressing the protein (Table 2 ). In the case of the specific CTE RNAs shown in Fig. 5 , TAP derivatives having a single nucleoporin-binding site were almost as efficient as wild-type TAP in promoting export. This suggests that the requirements for NPC translocation are influenced by the nature of the cargo transported. Two NPC-binding sites are required for TAP-mediated export of cellular mRNA. In contrast to the specific CTE-bearing RNAs described in this study, efficient export of cellular mRNAs requires at least two nucleoporin-binding sites that can be provided by two NTF2-like domains bound to p15 or two UBA-like domains. It can be speculated that the presence of two nucleoporin-binding pockets is a common motif for transport receptors because two binding pockets are also present on the NTF2 homodimer and at the outer surface of the N-terminal half of importin ␤ (3, 34) .
The observation that the roles of the UBA-like domain and the NTF2 scaffold are confined to nucleoporin binding raises the question of why the mRNA export receptor has evolved two distinct nucleoporin-binding domains. In vitro binding assays indicate that these domains have different relative affinities for nucleoporins (22) . The presence of two nucleoporinbinding sites with different relative affinities rather than a single high-affinity binding site may facilitate a high rate of Another important difference between these domains is that while the nucleoporin-binding activity of the UBA-like domain is likely to be constitutive, the NTF2-like domain cannot interact with nucleoporins in the absence of p15. Thus, the binding activity of the NTF2 scaffold could be subject to regulation (see above). Finally, two binding sites may bind cooperatively to achieve an optimal affinity for nucleoporins. The NTF2-like scaffold has been reported to increase (39) and to reduce (22) the overall nucleoporin-binding affinity of the UBA-like domain. Our data are consistent with the former possibility; however, the precise mechanism by which these domains influence each other's binding remains to be determined. Implications for the mechanism underlying directional transport. A comparison of the structures of FG-containing peptides bound to importin ␤ and to the NTF2-like scaffold of TAP has shown similarities in the mode of FG-nucleoporin interactions between these two structurally unrelated transport factors (3, 10) . Consistently, the NPC-binding domain of TAP competes with the importin ␤-like receptors CRM1 and exportin-t for binding sites at the NPC (Fig. 4D) (1). Thus, a similar mechanism of NPC translocation is predicted for these two families of export receptors.
The interactions of importin ␤-like receptors with nucleoporins and with their cargoes are regulated by Ran. However, NPC passage of these receptors on their own or in association with at least small cargoes is not obligatorily coupled to hydrolysis of GTP by Ran (reviewed in references 26 and 30). It remains to be determined whether NXF1/nucleoporin interactions are regulated (see above), but as for the importin ␤-like receptors, such regulation may be dispensable for translocation. As in the case of Ran-regulated export complexes, directionality may be achieved by an efficient and irreversible mechanism for cargo release that operates in the cytoplasm or at the cytoplasmic face of the NPC. The mechanism by which NXF1 releases its cargo after translocation is unknown, but it has been proposed that Dbp5, an RNA helicase essential for mRNA export in S. cerevisiae, may disrupt mRNA-protein interactions as the mRNP emerges from the NPC (9). Transportin, which is directly involved in TAP nuclear import, may also play a role in this process by coupling cargo release on the cytoplasmic face of the pore with NXF1 recycling back to the nucleus. Clearly, further work is needed to determine the mechanism of mRNP unloading after translocation.
